Fructose consumption has been on the rise for the last two decades and is starting to be recognized as being responsible for metabolic diseases. Metabolic disorders pose a particular threat for brain conditions characterized by energy dysfunction, such as traumatic brain injury. Traumatic brain injury patients experience sudden abnormalities in the control of brain metabolism and cognitive function, which may worsen the prospect of brain plasticity and function. The mechanisms involved are poorly understood. Here we report that fructose consumption disrupts hippocampal energy homeostasis as evidenced by a decline in functional mitochondria bioenergetics (oxygen consumption rate and cytochrome C oxidase activity) and an aggravation of the effects of traumatic brain injury on molecular systems engaged in cell energy homeostasis (sirtuin 1, peroxisome proliferator-activated receptor gamma coactivator-1alpha) and synaptic plasticity (brainderived neurotrophic factor, tropomyosin receptor kinase B, cyclic adenosine monophosphate response element binding, synaptophysin signaling). Fructose also worsened the effects of traumatic brain injury on spatial memory, which disruption was associated with a decrease in hippocampal insulin receptor signaling. Additionally, fructose consumption and traumatic brain injury promoted plasma membrane lipid peroxidation, measured by elevated protein and phenotypic expression of 4hydroxynonenal. These data imply that high fructose consumption exacerbates the pathology of brain trauma by further disrupting energy metabolism and brain plasticity, highlighting the impact of diet on the resilience to neurological disorders.
Introduction
The rise in consumption of high caloric foods has triggered a metabolic epidemic such that the number of diabetic and prediabetic persons in the U.S. is now estimated at over 40% of the population. 1 A high fructose diet can induce several parameters of metabolic disease such as reduced sensitivity to insulin and increased risk factors for cardiometabolic disease in humans and rodents. 2 Furthermore, the deleterious effects of fructose extend to the brain where neuronal signaling, which is crucial for supporting brain plasticity and function, is compromised. 2 These data raise the question of whether fructose-induced metabolic dysfunction can reduce brain resilience against neurological disorders. Indeed, a new line of studies in humans indicates an association between metabolic disease and disturbances in cognition, emotional health, and reduced quality of life. 3 We have embarked in studies to determine whether fructose consumption reduces the capacity of the brain to cope with the pathology of traumatic brain injury (TBI). TBI is a globally prevalent disorder, 4, 5 which is devastatingly difficult to treat, mainly due to the multifactorial aspect of the pathology. 6 A particular aspect of the TBI pathology is the inability of the brain to metabolize energy. 7, 8 TBI patients experience sudden abnormalities in the control of brain glucose metabolism, 9, 10 which can increase the risk of secondary brain damage. 11, 12 Overload of an already disrupted brain metabolic regulation 13 may exacerbate the pathobiology, as suggested by clinical reports that metabolic dysfunctions are predictors of outcome in TBI patients, 14, 15 and can increase incidence of long-term neurological and psychiatric disorders. 16, 17 The magnitude of the problem is even bigger considering that the incidence of TBI and associated cognitive disorders is on the rise, 18 as is the prevalence of metabolic disease. 19 The current study is centered on molecular systems that are at the critical interface between cell metabolism and synaptic plasticity; thereby having a strong impact on cognitive function. Reduced sensitivity to the action of insulin is considered a predictor of poor clinical outcome in TBI patients. 15 The action of insulin has been associated with mitochondrial function regulation 20, 21 which suggests that insulin can influence a range of cellular processes. We assessed the effects of fructose consumption and TBI on the development of brain insulin resistance by analyzing changes in insulin signaling, such as insulin receptor (InR), and insulin receptor substrate-1 (IRS-1). Recent studies showing that a high fructose diet disrupts insulin signaling in the brain 2 indicate that insulin is part of the pathway by which fructose impacts neuronal function. Insulin activates regulators of mitochondrial biogenesis, such as the peroxisome proliferator-activated receptor gamma coactivator-1alpha (PGC-1a), a member of a family of transcription coactivators, 22 which in conjunction with the mitochondrial transcription factor A (TFAM), 23, 24 and sirtuin 1 (SIRT1) regulate cellular energy metabolism. PGC-1a can interact with brain-derived neurotrophic factor (BDNF) 25 and reactive oxygen species (ROS) in the regulation of brain plasticity. 26 We also determined the effects of fructose and TBI on mitochondrial functions by assessing the oxygen consumption rate (OCR). In addition, BDNF signaling is crucial for maintaining energy metabolism and cognitive function. Oxidative damage can interfere with plasticity and can be estimated by assessing the end by-product of lipid peroxidation 4-hydroxynonenal (4HNE). 27 Cytochrome c oxidase (CO) is a mitochondrial protein that provides an index of mitochondrial function/mass and plays an important role in mitochondrial oxidative phosphorylation. In the current study, we sought to determine whether fructose exacerbates the TBI pathology by disrupting the interaction between cell energy homeostasis and synaptic plasticity underlying cognitive function.
Materials and methods Animals
Male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) approximately two months old were housed in polyacrylic cages and maintained under standard housing conditions (room temperature 22-24 C) with 12 h light/dark cycle. After acclimatization for one week on standard rat chow, rats were trained on the Barnes maze test for five days to learn the task, and then randomly assigned to either regular (con) or fructose (FRU; 15% w/v) drinking water throughout the study. They were kept in individual cages and had free access to food and drinking water. At six weeks of drinking intervention, all animals were tested for glucose tolerance test (GTT) and then subjected to either sham or fluid percussion injury (FPI) at seven weeks of drinking intervention. Memory retention was tested by Barnes maze after one week of injury (i.e. at eight weeks of drinking intervention) and rats were sacrificed immediately by decapitation. Body weight, food intake, water intake, and calorie intake were measured throughout the study. There were four experimental groups (n ¼ 7/group) formed by the end of the experiment, based on their drinking intervention (con versus FRU) and injury (sham versus FPI): (I) regular water plus sham (con/sham), (II) regular water plus fluid percussion injury (con/FPI), (III) fructose water plus sham (FRU/sham), (IV) fructose water plus fluid percussion injury (FRU/FPI). A separate cohort of animals (kept on regular and fructose drinking water) was sacrificed after 12 h of injury (n ¼ 5/group) for mitochondrial studies. All experiments outlined in this manuscript conform to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. The animal care and experimental protocols were approved by the University of California at Los Angeles Chancellor's Animal Research Committee (ID: ARC 2001-164). The suffering and number of animals used were minimized.
Blood analysis
At six weeks of intervention, blood was collected from rat-tail vein after overnight fasting and then centrifuged at 3000g for 15 min at 4 C to obtain serum samples. Serum triglyceride was assayed enzymatically by ACE triglycerides reagent (Alfa Wassermann, NJ, USA) using VetACE chemistry analyzer (AlfaWassermann, NJ, USA).
GTT
After overnight fasting, blood glucose was measured with a glucose meter (Bayer's Contour, NJ, USA) using a small drop of blood from tail vein. Following fasting glucose measurement, rats were injected with 50% D-glucose (dextrose; 2 g/kg body weight) intraperitoneally and glucose level was measured at 15, 30, 60, 90, and 120 min to assess glucose clearance.
FPI
FPI was performed as previously described by Sharma et al. 28 In brief, animals were anesthetized by using a Laboratory Animal Anesthesia System (VetEquip Inc., CA, USA) that provides a mixture of isoflurane and oxygen. Animals were maintained in a deep anesthetic state during surgery with 2-5% isoflurane mixed with 100% O 2 at a flow rate of 0.4 l/min via nose cone. 3.0 mm-diameter craniotomy was made over the left parietal cortex, 3.0 mm posterior to bregma, and 6.0 mm lateral (left) to the midline with a high-speed drill (Dremel, WI, USA). A plastic injury cap was placed over the craniotomy with dental cement. When the dental cement hardened, the cap was filled with 0.9% saline solution. Anesthesia was discontinued and the injury cap was attached to the fluid percussion device. At the first sign of hind-limb withdrawal to a paw pinch, a moderate fluid percussion pulse (2.7 atm) was administered to the epidural space. Immediately upon responding to a paw pinch, anesthesia was restored and the skull was sutured. Neomycin was applied on the suture and the rats were placed in a heated recovery chamber before being returned to their cages. Sham animals underwent an identical preparation with the exception of the lesion.
Barnes maze test
All rats were tested with the Barnes maze before and after experimental exposure to assess spatial learning and memory. 29 In brief, our maze was manufactured from acrylic plastic to form a disk 1.5 cm thick and 115 cm in diameter, with 18 evenly spaced 7 cm holes at its edges. Four overhead lamps to provide an aversive stimulus brightly illuminated the disk. Animals were trained to locate a dark escape chamber hidden underneath a hole positioned around the perimeter of a disk. All trials were recorded simultaneously by a video camera installed directly overhead at the center of the maze. Animals were trained with two trials per day for five consecutive days before being subjected to the experimental conditions. A trial was started by placing the animal in the center of the maze covered under a cylindrical start chamber; after a 10 s delay, the start chamber was raised. A training session ended after the animal had entered the escape chamber or when a predetermined time (5 min) had elapsed, whichever came first. Memory retention was tested during Barnes maze trials performed one week after injury (i.e. at eight weeks of drinking intervention). All surfaces were routinely cleaned before and after each trial to eliminate possible olfactory cues from preceding animals.
Tissue collection
After the memory test the animals were killed immediately by decapitation and the fresh brains were dissected out, frozen in dry ice, and stored at À70 C until use.
Immunoblotting. The hippocampal tissues from the left hemisphere were homogenized in a lysis buffer containing 137 mM NaCl, 20 mM Tris-HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM phenylmethylsulfonylfluoride, 10 mg/ml aprotinin, 0.1 mM benzethonium chloride, 0.5 mM sodium vanadate. The homogenates were then centrifuged, the supernatants were collected, and total protein concentration was determined according to MicroBCA procedure (Pierce, IL, USA), using bovine serum albumin (BSA) as standard.
Briefly, protein samples were separated by electrophoresis on a 10% polyacrylamide gel and electrotransferred to a PVDF membrane (Millipore, MA, USA). Nonspecific binding sites were blocked in Tris-buffered saline (TBS), pH 7.6, containing 5% nonfat dry milk. Membranes were rinsed in buffer (0.05% Tween-20 in TBS) and then incubated with antiactin or anti-BDNF, anti-pTrkB, anti-TrkB, anti-pInR, anti-InR, anti-mtTFA (TFAM), antisynaptophysin (SYP), anti-GAP43 (1:500; Santa Cruz Biotechnology, CA, USA), anti-PGC-1a, anti-pCREB, anti-cyclic AMP response element binding protein (CREB), anti-SIRT1, anti-4HNE, anti-pIRS-1, anti-IRS-1 (1:1000, Millipore, MA, USA) followed by anti-rabbit or anti-goat or anti-mouse IgG horseradish peroxidase-conjugate (1:10,000; Santa Cruz Biotechnology, CA, USA). After rinsing with buffer, the immunocomplexes were visualized by chemiluminescence using the ECL kit (Amersham Pharmacia Biotech Inc., NJ, USA) according to the manufacturer's instructions. The film signals were digitally scanned and then quantified using ImageJ software, normalized for actin levels.
Immunofluorescence
Additional rats (n ¼ 4) from con/sham and FRU/FPI group were anesthetized with isoflurane, then intracardially perfused with PBS (pH 7.4) followed by 4% paraformaldehyde in phosphate buffer (pH 7.4) and 30% sucrose in paraformaldehyde. Tissues were flash frozen on dry ice and stored at À80 C until time of use. Serial coronal brain sections (40 mm) were cut on a cryostat and collected into 0.01 M phosphate buffered saline (PBS). After washing, free-floating sections were heated to 80 C for 30 min in 10 mM sodium citrate buffer (pH 8.5) to promote antigen binding and allowed to return to room temperature. Nonspecific binding was blocked by incubating the sections with 0.01 M PBS solution containing 0.5% BSA and 0.5% Triton X-100 for 2 h at room temperature.
Sections were incubated with either: rabbit polyclonal primary anti-4HNE (1:250; Abcam, Cambridge, MA, USA), rabbit polyclonal anti-pTrkB receptor (Y816) primary antibody at a dilution of 0.3 mg/ml (a kind gift from Dr Moses Chao), or rabbit polyclonal anti-pIRS1 (1:1000; Upstate, Lake Placid, NY, USA) in 0.01 M PBS solution containing 0.2% BSA and 0.6% Triton X-100 at 4 C overnight. After thorough washing with 0.01 M PBS, sections were incubated with rabbit secondary antibody (Cy3; 1:250; Jackson Immunoresearch; West Grove, PA, USA) for 1.5 h at room temperature. Sections were mounted using Prolong Gold antifade reagent with Dapi (Life technologies, New York, NY, USA). The staining was visualized under Zeiss microscope (Zeiss Imager.Z1; Gottingen, DE) using the Axiovision software (Carl Zeiss Vision, version 4.6). Images were collected using a black and white camera (Axiocam MRm, Zeiss, Gottingen, DE) and pseudocolored green (pTrkB), red (pIRS1), purple (4HNE), or blue (Dapi).
Mitochondrial isolation and bioenergetics analysis
After 12 h of FPI, mitochondria were isolated from the left hemisphere hippocampal tissues using differential centrifugation, nitrogen disruption, and a Ficoll gradient according to the method described by Sauerbeck et al. 30 The hippocampal tissues were homogenized in a Potter-Elvehjem homogenizer containing ice-cold isolation buffer (215 mM mannitol, 75 mM sucrose, 0.1% BSA, 1 mM EGTA, and 20 mM HEPES at pH 7.2). Homogenates were then centrifuged at 1300g for 3 min at 4 C. The resultant supernatant was placed in a fresh tube and the pellet was resuspended in isolation buffer and centrifuged at 1300 Â g for 3 min at 4 C to remove cellular debris and nuclei. The pellet was discarded, and the supernatants were combined in a separate tube and centrifuged at 13,000 g for 10 min at 4 C. The crude mitochondrial pellets were resuspended in isolation buffer and then subjected to the nitrogen decompression to release synaptic mitochondria, using a nitrogen cell disruption vessel (Parr Instrument Company, IL, USA) cooled to 4 C, under a pressure of 1200 psi for 10 min. After nitrogen disruption, the mitochondria were placed atop a discontinuous Ficoll gradient (7.5%, 10%), and centrifuged at 100,000 g for 30 min at 4 C. Following the Ficoll purification, the mitochondrial pellet was resuspended in isolation buffer without EGTA and centrifuged at 10,000 g for 10 min at 4 C to remove residual Ficoll from the purified mitochondrial sample. The final mitochondrial pellet was resuspended in isolation buffer without EGTA and protein concentrations were determined using the Bradford assay reagent (Biorad, CA, USA).
Mitochondrial functions were measured using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience, MA, USA). Briefly, isolated mitochondria were placed into the V7 plate (Seahorse Bioscience) and centrifuged to attach the surface as described by Rogers et al. 31 To assess the mitochondrial functions, OCR was measured in the basal state in presence of succinate (complex II substrate) and rotenone (complex I inhibitor) substrates. Following basal respiration, the changes in OCR were measured after sequential injection of ADP, oligomycin (ATP synthase inhibitor), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; uncoupler), and antimycin-A (complex III inhibitor). The ATP synthase inhibitor oligomycin allows the detection of ATP-linked respiration by decreasing OCR, thus indicating the extent of respiration by which mitochondria generate ATP. The uncoupler FCCP reveals maximal mitochondrial respiratory capacity, while antimycin-A blocks mitochondrial respiration at complex III.
CO activity. The activity of CO activity was determined by oxidation of reduced cytochrome c in hippocampal mitochondria using CO activity colorimetric assay kit (BioVision Inc., CA, USA) according to the manufacturer's instructions.
Statistical analysis
The results are represented as mean AE standard error of the mean. Results for body weight, food intake, water intake, total caloric intake, and glucose levels were analyzed by repeated measures ANOVA. Data for triglyceride levels and area under the curve (AUC) were analyzed by Student's (unpaired) t-test. Data for protein expression and CO activity are represented as percentage of the con/sham group. Results for mitochondrial respiration are expressed as percentage of basal OCR. Statistical analysis was performed by two-way ANOVA ((drinking solution: con versus FRU) and (injury: sham versus FPI)) and post hoc analyses were conducted using Bonferroni's multiple comparison tests to determine the significance of difference among various groups. A level of 5% probability was considered as statistically significant. Pearson correlation analysis was performed on individual samples to evaluate the association between variables.
Results

Effect of fructose and TBI on cognitive function
Animals were tested for spatial learning in the Barnes maze for five days before being exposed to the fructose. All animals showed similar latencies on last day (day 5), which corroborated that all rats were in a similar baseline cognitive condition prior to the interventions (data not shown). After eight weeks of fructose consumption, the Barnes Maze test was performed to evaluate memory retention. Two-way ANOVA analysis showed a significant effect of drinking solution (F 1,24 ¼ 28.66, p < 0.01) and injury (F 1,24 ¼ 21.14, p < 0.01) on escape latency. Post hoc analyses showed a marked increase in escape latency due to fructose or TBI. In turn, there was an additive effect of TBI and fructose to increase escape latency ( Figure 1 ).
Influence of fructose and TBI on BDNF-related plasticity
The analysis revealed a significant effect of drinking solution (F 1,24 ¼ 13.36, p < 0.01) and injury (F 1,24 ¼ 70.38, p < 0.01) on BDNF levels. TBI reduced BDNF levels in sham animals exposed to either water or fructose and there was an additive effect of fructose and TBI to reduce BDNF (Figure 2(a) ). Fructose exposure per se did not alter BDNF levels. With regards to the phosphorylation of the BDNF receptor TrkB, a significant effect of drinking solution (F 1,24 ¼ 35.22, p < 0.01) and injury (F 1,24 ¼ 51.74, p < 0.01) as well as the interaction between drinking solution versus injury (F 1,24 ¼ 6.07, p < 0.05) was observed. Exposure to fructose reduced the phosphorylation of TrkB, with the greatest reduction in animals that were also subjected to TBI. In turn, TBI decreased TrkB phosphorylation in control and fructose-fed rats to a similar extent (Figure 2(b) ). Fructose and FPI together showed a qualitative decrease in the immunofluorescent labeling of pTrkB in CA3 subregion.
There was a significant effect of drinking solution and injury (F 1,24 ¼ 24.37, p < 0.01) on the phosphorylation of CREB (F 1,24 ¼ 31.93, p < 0.01). Treatment with fructose and TBI both reduced CREB phosphorylation to a similar extent and there was an additive effect when both conditions were present (Figure 2(c) ).
For markers of synaptic plasticity and axonal growth, we observed a significant effect of drinking solution (F 1,24 ¼ 21.98, p < 0.01; F 1,24 ¼ 105.64, p < 0.01) and injury (F 1,24 ¼ 41.64, p < 0.01; F 1,24 ¼ 187.40, p < 0.01) on levels of SYP and GAP-43, respectively. Fructose reduced the levels of SYP and GAP-43 in both sham and TBI animals. In turn, TBI decreased the levels of SYP and GAP-43 and this effect was greater in rats that were also fed fructose ( Figure  2(d) and (e)).
Effects of fructose and TBI on insulin signaling in the brain
There was a significant effect of drinking solution on phosphorylation of insulin receptor (InR; F 1,24 ¼ 16.03, p < 0.01). Drinking solution (F 1,24 ¼ 53.49, p < 0.01) and injury (F 1,24 ¼ 19.57, p < 0.01) significantly affected the phosphorylation of IRS-1. Treatment with fructose reduced phosphorylation of InR (Figure 3(a) ) and IRS-1 (Figure 3(b) ) in both sham and TBI animals. In addition, fructose and TBI together showed a qualitative reduction in IRS-1 immunoreactivity within the pyramidal cells of CA3 subregion as compared to control. There was a negative correlation between InR phosphorylation and latency in the Barnes Maze (r ¼ À0.870, p < 0.01; Figure 3 (c)) in sham dataset (con/sham and FRU/sham), indicating that fructose reduced hippocampal insulin signaling. However, there was no correlation between latency and InR phosphorylation in the TBI dataset (con/FPI and FRU/FPI; r ¼ À0.199, p > 0.05).
Effect of fructose and TBI on mitochondrial function
We determined the effects of fructose and TBI on mitochondrial function by assessing the OCR under basal condition and in response to the sequential treatment with APD, oligomycin (ATP synthase inhibitor), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; uncoupler), and antimycin-A (complex III inhibitor) (Figure 4(a) ). There was a significant effect of injury (F 1,16 ¼ 10.57, p < 0.05; F 1,16 ¼ 4.54, p < 0.05) and an interaction between injury and drinking solution (F 1,16 ¼ 9.43, p < 0.05; F 1,16 ¼ 10.06, p < 0.05) on OCR in response to the oligomycin and FCCP treatment, respectively. Animals subjected to fructose and/ or FPI had reduced ATP-linked respiration and maximal mitochondrial respiratory capacity as evidenced by reduced mitochondrial OCRs in oligomycin and reduced FCCP response, respectively (Figure 4(b) ). There was a significant effect of drinking solution (F 1,16 ¼ 12.05, p < 0.05) and injury (F 1,16 ¼ 7.54, p < 0.05) on CO activity. The activity of CO was reduced to a similar level in fructose and/or FPI group as compared to control (Figure 4(c) ), indicating that these interventions compromise mitochondrial functions at complex IV.
Fructose aggravates the effects of TBI on cell energy regulators
There was a significant effect of drinking solution (F 1,24 ¼ 78.1,7, p < 0.01) on PGC-1a. Fructose-induced MetS and TBI negatively influenced the levels of PGC-1a. In turn, PGC-1a level was further reduced in the fructose-fed FPI group compared to the FPI group alone ( Figure 5(a) ). The level of PGC-1a varied in proportion to the phosphorylation of CREB (r ¼ 0.599, p < 0.01), suggesting an association between pCREB and PGC-1a ( Figure 5(b) ). We also observed that the levels of PGC-1a were negatively correlated with latency time in Barnes maze test (r ¼ À0.5208, p < 0.01; Figure 5 A significant effect of drinking solution (F 1,24 ¼ 59.16, p < 0.01) and injury (F 1,24 ¼ 29.33, p < 0.01) was observed on the TFAM. Fructose treatment reduced levels of TFAM in both sham and TBI rats. In turn, a significant reduction in TFAM was found in fructose-fed animals subjected to TBI as compared to the TBI alone ( Figure 5(d) ). There was a significant effect of drinking solution (F 1,24 ¼ 44.68, p < 0.01) and injury (F 1,24 ¼ 48.26, p < 0.01) on levels of SIRT1. Fructose reduced SIRT1 levels in both sham and TBI groups. However, the effect of fructose was more pronounced after TBI, (Figure 5(e) ).
Fructose aggravates the effect of TBI on lipid peroxidation
Two-way ANOVA analysis revealed a significant effect of drinking solution (F 1,24 ¼ 16.52, p < 0.01) and injury (F 1,24 ¼ 17.43, p < 0.01) on 4HNE levels. Post hoc analyses showed that fructose or TBI increased the levels of 4HNE. In turn, fructose 32 worsened the effect of TBI on lipid peroxidation ( Figure 6 ). There was a marked qualitative increase in the immunofluorescent labeling of 4HNE in fructose-fed TBI group as compared to control, which was especially evident in the CA3 subfield.
Effect of fructose on peripheral metabolic markers
During the initial six weeks of the intervention, animals on fructose drank more fluid and had reduced food intake compared to animals fed water. Body weights and total caloric intake were similar between groups (supplementary Figure 1 (a) to (d) ). Animals fed fructose had impaired insulin sensitivity, as measured by consistently increased blood glucose in the GTT (supplementary Figure 1(e) ) corresponding to an elevated AUC (t 26 ¼ 6.038; p < 0.01; Figure 1(e) ). Animals fed fructose solution had elevated levels of serum triglycerides (t 26 ¼ 5.025; p < 0.01; Supplementary Figure 1(f) ) in comparison to controls. 
Discussion
Herein we report that overconsumption of dietary fructose for a duration sufficient to disrupt peripheral metabolism exacerbates cognitive dysfunction following TBI, while reducing levels of proteins related to brain plasticity and cell energy metabolism. An increasing body of evidence indicates that diet-induced metabolic disease poses a threat for brain function and can increase the risk for neurological and psychiatric disorders. 33 Our current dataset provides the framework for a potential mechanism by which dietary fructose may disturb cognition during TBI by disrupting oxidative metabolism, thereby interfering with the activation of systems that support synaptic plasticity. For example, our results show that both fructose and TBI reduce mitochondrial oxidative metabolism. In addition, animals on a high fructose diet or animals with TBI both had reduced markers of cell energy metabolism (PGC-1a, TFAM, and SIRT1), and markers of neuronal plasticity (SYP, GAP43, BDNF-TrkB signaling) as well as elevated markers of lipid peroxidation (4HNE). These data piece together to reveal the compelling possibility that diet is a predictor of resiliency to cognitive impairment due to injury.
We previously reported that metabolic syndrome (MetS), as established by increased serum triglyceride levels and low glucose tolerance following high fructose feeding, reduces hippocampal InR signaling. 2 Our current data expand upon this work to show that fructose reduces InR signaling in the hippocampus and potentiates the effects of TBI on behavioral dysfunction and plasticity. The InR has a role in cognitive function such that reduced activity of this receptor in the hippocampus impairs long-term potentiation consistent with poor recognition memory. 34 Our data similarly show that the detrimental effects of fructose on hippocampal InR signaling were commensurable to poor performance in the Barnes maze. In addition, fructose consumption reduced phosphorylation of IRS-1 in TBI animals suggesting that impaired insulin signaling can compromise the outcome of TBI. TBI alone did not alter the phosphorylation of InR and IRS-1, which indicates that fructose was the primary stimulus for the alterations in hippocampal insulin signaling.
The effects of fructose and TBI appeared to concert the actions of key elements in the BDNF signaling cascade. The BDNF/trkB signaling pathway is well known to mediate hippocampal-dependent learning and memory and synaptic plasticity. Disruption in BDNF function has been implicated in the pathophysiology of several neuropsychological disorders such as depression 35 and schizophrenia. 36 Both BDNF/trkB 37 and InR 38 pathways have been reported to act via PI3K/ Akt/mTOR signaling, which is an essential pathway for synaptic plasticity and cognition. As an indicator of changes in synaptic plasticity, we assessed the levels of SYP, a marker of synaptic growth, and the growth associated protein 43 (GAP-43), which is expressed at high levels during neuronal growth and is associated with axonal sprouting. 39, 40 SYP is involved in calcium binding, channel formation, exocytosis, and synaptic vesicle recycling via endocytosis. 41 Our results showed that fructose and TBI each individually reduced the levels of SYP, and that fructose potentiated the reduction caused by TBI. A similar pattern was observed for the growth-associated protein GAP-43. GAP-43 is an intracellular membrane-associated phosphoprotein, present in growth cones and presynaptic terminals important for formation of neuronal connections, and synaptic remodeling following traumatic insult. 39, 40 Taken together these data strongly suggest that fructose exacerbates the effects of TBI on neuronal growth and synaptic plasticity.
In addition to growth and plasticity, it is now becoming well understood that BDNF can influence the brain by engaging elements of cell energy metabolism. 42 CREB is an important step in BDNF signaling and a point of convergence of many signaling pathways regulating synaptic activity and learning and memory. 43 Through TrkB receptor, BDNF leads to the activation of CREB, which is a potent activator of PGC-1a. 44 Therefore, the marked reduction in the levels of phosphorylated CREB in rats after dietary fructose and TBI interventions emphasizes the interactive action of metabolic and plasticity signals. The interaction between CREB and PGC-1a is reflected by our results showing that phosphorylation of CREB changes in proportion to levels of PGC-1a. When fructose and TBI were combined, we observed a significant and additive depression of pCREB and a similar pattern for molecules directly related to synaptic plasticity (SYP, GAP43) and cellular energy metabolism (PGC-1a, TFAM, and SIRT1). Therefore, it is likely that fructose and TBI affect cognitive performance by engaging the action of metabolic regulators such as PGC-1a.
Mitochondrial abnormalities are getting recognition as a common feature for neurological disorders, 45 and a failure in mitochondrial function is as a major sequel of TBI 46 and suggests that metabolic disorders can exacerbate the pathobiology of TBI. We observed reduced mitochondrial function in both fructose and TBI conditions as evidenced by a decreased mitochondrial respiratory capacity linked with ATP turnover. This loss in the capacity of the mitochondria to consume oxygen has been shown in most brain injuries 32, 47 and might be due to oxidative modification of the proteins involved in mitochondrial bioenergetics following TBI. 48 It can also be inferred that diminished mitochondrial respiratory capacity in fructose-induced MetS and TBI would work as a maladaptive mechanism to escalate the secondary cascade of events.
We also observed a significant decline in CO activity after fructose and TBI interventions. CO is a protein subunit of the terminal and highly regulated enzyme complex IV of the electron transport chain in mitochondria. CO plays a key role in controlling ATP production as it helps to establish a transmembrane difference of proton electrochemical potential in the electron transport chain of mitochondria. The action of fructose was not effective to lower mitochondrial respiration or CO activity in TBI rats. These results may be explained by a loss bioenergetics capacity due to a reduction in mitochondrial threshold. There are reports suggesting that proatherogenic risk factors such as smoking, hypercholesterolemia, and obesity are associated with increased mitochondrial damage, lowering the threshold for mitochondrial bioenergetics dysfunction. 49 Accordingly, fructose pretreatment might have affected the mitochondrial respiration capacity up to a threshold that no further down-regulation can be seen after TBI.
According to our results, fructose and TBI compromised molecular systems important for the maintenance of mitochondrial homeostasis, notably PGC-1a. PGC-1a is a transcriptional coactivator that exerts its action by interacting with the nuclear receptor peroxisome proliferator-activated receptor-gamma. PGC-1a provides a link between physiological stimuli and the regulation of mitochondrial biogenesis and regulates several factors involved in energy homeostasis such as SIRT1. Interestingly, it has been reported that SIRT1 (mammalian Sir2 homolog) modulates synaptic plasticity and memory formation via posttranscriptional regulation of CREB. 50 We found a decrease in SIRT1 in the hippocampus of fructose and TBI rats, reflecting a disturbance in the energy management system. The increases in PGC-1a in inverse proportion to the latency in Barnes maze test suggest that PGC-1a is involved in cognitive function. We observed similar reductions in levels of the TFAM, which is a key activator of mitochondrial transcription and genome replication. TFAM was reduced in animals subjected to either fructose or TBI. The combined exposure of fructose and TBI resulted in a greater depression of these metabolic markers (PGC-1a, SIRT1, TFAM). The action of PGC-1a is also related to control of oxidative stress. 26 Overproduction of ROS, a by-product of mitochondrial electron transport chain, has been implicated in acute brain injuries such as ischemia. 26 Our results showed that fructose exacerbated the effects of TBI on the levels of 4HNE, as indicative of increased lipid peroxidation and neuronal damage. It could be argued that the high oxygen supply necessitated for the delivery of anesthesia could influence the outcome of the brain injury by altering cerebral metabolism and ROS levels. However, all groups were exposed to supraphysiological oxygen for a similar length of time, which seems to indicate that fructose was the primary effector for the elevated 4-HNE and reduced markers of metabolism and plasticity in the TBI animals exposed to fructose. Taken together, these results further support the possibility that disruption in energy homeostasis reduces neuronal resilience and predisposes the brain for worse outcome after TBI.
Conclusions
MetS as a result of fructose consumption exacerbates the deleterious effects of TBI on cognitive function. We propose a framework for a potential model in which fructose and TBI affect systems related to cell energy metabolism, which converge on intracellular pathways that regulate brain plasticity and cognitive function (Figure 7) . Our results show the harmful impact of metabolic disease on the outcome of TBI with regards to mitochondrial biogenesis, synaptic plasticity, and cognitive function. These data suggest that fructose consumption reduces neural resilience and may predispose the brain toward cognitive dysfunction and lifelong susceptibility to neurological disorders.
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The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article. Figure 7 . Hypothetical mechanism by which dietary fructose aggravates the pathology of traumatic brain injury (TBI) by disrupting the interaction between cell energy metabolism and synaptic plasticity. It is well understood that TBI reduces the capacity of brain cells to metabolize energy. 7, 8 Our current data show that TBI affects the BDNF system while fructose interferes with signaling of both insulin receptor and BDNF receptor (dashed lines). Therefore, fructose may present an additional challenge to cellular energy metabolism and TBI outcome. The actions of fructose and TBI converge and inhibit pathways associated with managements of cell energy metabolism and plasticity, such as cAMP response element-binding protein (CREB) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), and SIRT1. Based on the interactive action of PGC-1a and mitochondrial transcription factor A (TFAM) on the regulation of mitochondrial biogenesis, 23, 24 both PGC-1a and TFAM may convey the effects of fructose and TBI on decreasing oxidative phosphorylation and bioenergetics. SIRT1 modulates synaptic plasticity and memory formation via posttranscriptional regulation of CREB 50 ; therefore, the interaction among SIRT1, PGC-1a, and TFAM may be important to regulate cognitive function. The loss in energy homeostasis results in ROS, and the harmful by-product of lipid peroxidation 4-hydroxynonenal (4HNE), thereby compromised plasma membrane function. The lipid peroxidation of the plasma membrane may further exacerbate synaptic plasticity and cognition. Overall, our data suggest a model whereby a high fructose diet and TBI disrupt the interplay between energy metabolism and synaptic plasticity with profound consequences for brain function.
